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The magnetic resonance properties of microsized monoaxial chiral crystals of CrNb3S6 are investigated. We
observed that the resonance of the chiral soliton lattice is sensitive to the polarization of the driving microwave
field. When the microwave field is parallel to the helical axis, the resonance is symmetric with regards to
the magnetic field direction. In contrast, asymmetric field dependence emerges when the microwave field is
perpendicular to the helical axis. The robustness of the chiral magnetic order, due to topological protection,
allows tuning the resonance frequency in ways hardly accessible using nanopatterned films.
DOI: 10.1103/PhysRevB.95.104415
The chiral nature of matter has attracted immense atten-
tion recently as it can provide novel ways of manipulating
the propagation of electromagnetic waves whose frequency
spans from the megahertz to the terahertz regime [1–3].
In particular, chiral helimagnets can be seen as naturally
occurring nanostructured materials whose physical properties
are quantized and topologically protected via the formation
of a chiral spin soliton lattice (CSL), which can be highly
reconfigurable in the presence of an external magnetic field.
Such characteristics emerge due to a strong link between the
crystalline structure and the magnetic texture. Advances in
this field are motivated by exploring novel concepts for spin
electronics using chiral helimagnets as spin-wave media for
applications in information storage, processing, and filtering
[4–9]. In addition, the discreteness found in the magnetization
and magnetoresistance (MR) can be seen as multistate memory
cells [10–13], and the spin-wave properties are expected to
allow nonreciprocal effects with which one can control spin-
wave propagation [14,15] and interference [16]. Moreover,
theoretical results suggest that the CSL in motion can generate
a voltage signal [17,18], which can be amplified as a result
of the collective resonance in a confined geometry [19]. This
effect is referred to as spin motive force.
The first direct experimental evidence for the formation of
the CSL was presented in Ref. [20], where Lorentz microscopy
was employed to image the soliton lattice in a monoaxial
chiral helimagnet, CrNb3S6. It was found that the soliton
density acts as an order parameter of the CSL formation
as a function of the applied magnetic field. This result was
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followed by a sequence of studies devoted to the nontrivial
response of the system [12,13,21–23]. In particular, the MR
data correlated well with the quantized nature of the CSL
density in the confinement of a micrometer-sized crystal [12].
These developments suggest that the robustness and phase
coherence of the CSL, unique to the monoaxial chiral crystal,
play an important role in defining the resonance properties
[19,24] we propose to investigate.
In this paper we present the fundamental resonance proper-
ties of CrNb3S6 microsized lamellae, investigated experimen-
tally as a function of a magnetic field applied perpendicular to
the helical axis (c axis). This field configuration allows tuning
of the resonance frequency of the CSL while maintaining its
phase coherence. We found a clear difference between the
forced ferromagnetic (F-FM) and the CSL phase: While the
resonance of the F-FM phase was independent of the field
sweep direction, the CSL phase exhibited a hysteresis effect,
followed by a highly nonlinear resonance behavior in the
vicinity of the critical field. Importantly, it was found that
in the CSL phase, the resonance is largely affected by the
orientation of the driving microwave field with respect to the
helical axis of the crystal. We note that the available theory
of spin resonance in bulk monoaxial chiral helimagnets also
predicts different forms of resonance signals depending on the
orientation of the microwave and the steady magnetic fields
[24]. However, this is related to the differences between the
spin-wave spectra in the conical and soliton lattice phases
which appear under an external magnetic field applied parallel
and perpendicular to the c axis, respectively. More recent
work, devoted to the study of the magnetic order and MR in
micrometer-sized crystals, has revealed that the confinement
effects emerge due to the macroscopic coherence of the CSL
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FIG. 1. (a) Illustration of the spin textures associated with the
chiral helical, CSL, and F-FM phases. Scanning ion microscopy
images show the direction of the c axis with regards to the signal
line of the CPW for (b) (I) and (c) (II). Dimensions of the lamella
used in (I) and (II) are 13.9 and 13.0 μm for the direction parallel
to the c axis and 15.2 and 20.0 μm direction perpendicular to the c
axis, respectively. The thickness of the lamellae used in (I) and (II)
is 500 nm. (d) Schematic illustration of the lamella, H , and hrf with
regards to the ground (G) and signal (S) of the CPW.
and the pinning effect at the boundaries of either the crystalline
domains with different chirality or specimen edges [12]. The
effect of pinning fields on the collective resonance dynamics is
not yet well understood from a theoretical standpoint [19]. In
our study we demonstrate the emergence of different resonance
properties due to confinement as these have not been observed
in bulk crystals. We believe that these experimental findings
may shed light on the nontrivial aspects of the collective
resonant dynamics of nonlinear, tunable, and phase-coherent
CSL.
Of interest to our work is the monoaxial chiral crystal
CrNb3S6, whose structure consists of hexagonal planes of
Nb3S6 stacked along the c axis and intercalated with Cr
atoms. CrNb3S6 bulk crystals are grown using a chemical
vapor transport method [25,26]. Below a critical temperature
Tc = 127 K, and for an external field H = 0, a chiral
helical phase appears with a period of 48 nm as a result
of the competing Heisenberg exchange and antisymmetric
Dzyaloshinskii-Moriya interactions along the c axis [27],
while below a critical field Hc, the chiral helical phase
transforms to a chiral helicoidal phase consisting of a periodic
spin arrangement of 2π twists partitioned by F-FM regions
[28,29]. Due to its robustness the helicoidal phase is frequently
referred to as a CSL phase. At Hc the incommensurate CSL
phase evolves to a commensurate F-FM phase [27]. These
three magnetic phases are schematically illustrated in Fig. 1(a).
When H is applied perpendicular to the c axis, Hc may
range from 0.1 to 0.3 T, depending on the crystal quality and
alignment between H and the magnetization plane [12]. When
H is applied parallel to the c axis, the conical phase transforms
into the F-FM phase at an Hc of 2 T. Such a difference in Hc
arises from a strong anisotropy with its origin in the interlayer
and intralayer exchange coupling terms [27]. As a result,
the magnetic moment is confined to a magnetization plane,
ab plane, and a quasi-one-dimensional model is sufficient to
describe the physical properties of the system [30].
Figures 1(b)–1(d) illustrate the two experimental configu-
rations (I) and (II), with the key difference being the angle
between the c axis of the crystal and the polarization of
the microwave field hrf generated in the coplanar waveguide
(CPW). In (I) the c axis is parallel to hrf while in (II) the c
axis is perpendicular to hrf. We assume that the magnetization
precession is driven by the component of the hrf perpendicular
to the axis of the signal line, in the plane of the substrate.
The CPWs were fabricated on a large Al2O3 substrate using
electron beam lithography and evaporation of Au (200 nm
thickness). Each lamella was cut from the bulk crystal using
a focused ion beam and attached to the signal line of a CPW
using tungsten deposition.
Broadband frequency magnetic resonance experiments
were carried out using a vector network analyzer (VNA)
connected to the ports of a cryogenic microwave probe station.
Inside the cryogenic chamber a pair of microwave probes
made contact with the CPW containing each of the specimens.
The resonance line shape was obtained by measuring the
forward transmission parameter S21 as a function of frequency
(0.1–40 GHz) in the VNA for different values of H . Two
sets of Helmholtz coils generate the in-plane vector H with a
maximum magnitude of 0.2 T.
Figure 2 presents several examples of the experimental data
corresponding to (I) and (II), obtained at 50 K. The spectra
were acquired while H was swept from 200 to −200 mT. The
solid symbols in (I) and (II) highlight the resonance peaks
varying as a function of H . At a postmeasurement stage, the
spectrum obtained at 78 mT was used for subtraction of the
nonmagnetic background, S21(H ) − S21(78 mT), therefore its
position (black arrows) is fixed on all data shown.
The resonance frequency in the F-FM phase, at 200 mT,
is found to be the same for (I) and (II). However, in the CSL
phase both configurations exhibit distinct behavior in terms of
resonance position and the number of peaks. For instance, at
0 mT, the resonance frequency in (I) is 19.63 GHz while in (II)
two modes are observed at 17.25 and 19.93 GHz. Interestingly,
at −120 mT, two modes appear on both configurations but at
different frequencies. As for the resonance intensity, in (I)
the amplitude is larger in the F-FM than in the CSL phase,
while the opposite is found in (II). For example, at 200 mT the
amplitude of the resonance peak in (I) is larger by a factor of
2 when compared to the resonance peak in (II).
Figure 3(a) shows the field dependence of the resonance
frequencies in (I). The data set designated by a negative field
sweep was obtained while varying H from 200 to −200 mT
and the data set designated by a positive field sweep was
obtained while sweeping H from −200 to 200 mT.
As exemplified by the negative field sweep, the square-root
dependence of the resonance frequency found at large H ,
where the F-FM phase is formed, is qualitatively consistent
with the behavior observed in the F-FM phase of CrNb3S6
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FIG. 2. Corrected S21 parameter as a function of frequency in (I)
and (II) at different H . The open symbols and the continuous lines
represent the raw and smoothed experimental data, respectively. The
solid symbols indicate the position of the resonance peaks. The black
arrows indicate the resonance of the reference spectra.
in the bulk crystal with H parallel to the c axis [31]. In
general, the dependence in the F-FM phase can be seen as the
response of a saturated state in a FM material with a saturation
magnetization of 0.2 T [21,26,32] and an effective anisotropy
which stems from the easy-plane anisotropy of the crystal and
demagnetization fields due to the shape of the crystal.
While decreasing H towards the CSL phase, an abrupt
frequency jump of 3.9 GHz occurs at 76 mT, indicating the
transition from the F-FM phase to the CSL phase. At small H
the resonance frequency becomes almost independent of the
magnitude of H . When approaching Hc = −134 mT, when
a change in soliton number or density of the CSL phase is
expected, a pronounced decrease is found in the resonance
frequency. The obtained value for Hc is consistent with that
reported in Ref. [32].
The positive field sweep exhibits a mirrored symmetry
of the negative field sweep. For clarity, this characteristic
is demonstrated in Fig. 3(a) by comparing the sweeps for
H > 0 mT.
In the transition from F-FM to CSL, shown in Fig. 3(b),
two resonance modes exist in the field range between 72 and
76 mT. At 76 mT the lowest resonance frequency, extrapolated
from the F-FM phase, shows a 30% decrease of the intensity
with a simultaneous emergence of a different resonance at
19 GHz, which connects smoothly with the mode found in
the CSL phase. The intensity ratio between these two modes
is maintained until H is decreased to 72 mT, at which point
the resonance mode at lower frequency vanishes completely
while the resonance amplitude corresponding to the CSL phase
increases up to the values observed at smaller fields. It is
noted that the coexistence of the CSL and F-FM phases could
not be observed in the MR data [12,21] which correlated to
a well-defined soliton density, suggesting the emergence of
fluctuations in the spin dynamics near the transition to the
CSL phase.
Figure 3(c) focuses on the transition from CSL to F-FM,
where two resonance modes are observed. On both sweep
directions the field dependence is described by a gradual
decrease in the frequency of the main resonance mode with
a simultaneous emergence of a second mode at a higher
frequency, at 110 mT. The resonance frequency of the main
mode gradually decreases to 15.8 GHz until 134 mT, but
with further increasing H the resonance frequency exhibits a
square-root dependence, indicating the emergence of the F-FM
phase. This field dependence of the resonance frequency may
be a manifestation of a magnetostatic mode in the thin plate
[33]. In contrast, a pronounced linear stepwise increase in
the resonance frequency is observed in the second mode until
vanishing at 144 mT. Within the field range where two modes
coexist a slight difference is observed in the resonance between
the negative and positive field sweeps. Indeed, in the positive
sweep the main mode evolves from the CSL to the F-FM phase
at 132 mT, and the second mode occurs at a higher resonance
frequency and vanishes at 140 mT. Different field sweeps
showed marginal variations in the resonance frequency and
H of the second mode, suggesting a field history dependence
possibly due to the vanishing of the solitons near the edges of
the lamella.
In summary, the resonance behavior of the CSL in (I) is
consistent with the corresponding ground-state configuration
described using MR and Lorentz transmission electron mi-
croscopy (TEM) data [12,21]: The decreasing branch con-
tained a sharp jump of the resonance frequency and MR data
as a result of the abrupt transition from F-FM to CSL phase;
in the increasing branch, the gradually decreasing resonance
frequency of the main mode follows the same dependence of
the MR data, which correlates well with the reduction of the
soliton density in a confined specimen. The resonance mode
emerging in the CSL phase does not follow the conventional
Kittel approach and therefore requires a model considering
the collective resonance excitation in a spatially confined
system while including the role of the Dzyaloshinskii-Moriya
interaction in setting the ground state [19,24]. In qualitative
terms, the resonance frequency of the main mode, in the field
region from 0 T until Hc, decreases rapidly when approaching
Hc, following the reduction in the soliton density.
Figure 4 shows the field dependence of the resonance modes
obtained in (II). In the F-FM phase, the square-root decrease
in the resonance frequency with decreasing H is quantitatively
the same as in (I). Moreover, the field range over which the
CSL phase exists is 225 mT in (I) while it is 205 mT in
104415-3
F. J. T. GONCALVES et al. PHYSICAL REVIEW B 95, 104415 (2017)
FIG. 3. (a) Resonance frequency as a function of H in (I). Dia-
mond and triangle-up markers correspond to the negative field sweep.
The square and triangle-down markers correspond to the positive
field sweep. Vertical solid arrows indicate the resonance position
corresponding to the data of Figs. 2(a)–2(f). The horizontal arrow
represents the position of the reference spectrum. The transitions
from F-FM to CSL and CSL to F-FM are shown in (b) and (c),
respectively. The dashed lines illustrate the stepped dependence of
the resonance frequency. The average fitting error in measuring the
resonance peaks is 100 MHz in the F-FM and CSL phases, while near
Hc the error is 200 MHz. Data acquired with a field step of 5 mT,
except in the vicinity of 78 mT in (b) and −130 mT in (c) where the
field step was 1 or 0.5 mT.
(II). These findings suggest that the marginal difference in the
shape of the microsized crystal has a negligible contribution
to resonance properties.
However, the resonance behavior in the CSL phase of (II) is
clearly different from that observed in (I). The first noticeable
difference is the existence of two resonance modes across the
entire CSL phase. For instance, in the negative field sweep,
both modes emerge at 78 mT and vanish at −145 mT, with
the main difference being that the second mode is shifted
upwards in resonance frequency by 3 GHz. Below −145 mT,
the monotonous increase of the resonance frequency indicates
the transformation into the F-FM phase, as observed in (I).
Second, in the CSL phase the resonance frequency of both
modes increases linearly with the field sweep and is thus
pronouncedly asymmetric with regards to H = 0. For instance,
in the negative field sweep, between 78 and −100 mT, the
resonance frequency of both modes increases almost linearly
by 1.8 GHz, resulting in an unusual hysteresis in the resonance
with the field sweep direction. This sloped behavior is not
observed in (I) and does not correlate directly with the variation
in the soliton density.
Third, both resonance modes in the CSL phase exhibit a
stepwise behavior with a typical frequency jump of 0.33 GHz
between each of the plateaus. This behavior is more pro-
nounced near Hc of both negative and positive field sweeps,
as shown in Fig. 4(b). An explanation of these properties is
currently unavailable.
FIG. 4. (a) Resonance frequency as a function of H in (II). The
diamonds and circles correspond to the negative field sweep while
the squares and triangles correspond to the positive field sweep. The
vertical arrows indicate the resonance position corresponding to the
data shown in Figs. 2(g)–2(l). The horizontal arrow indicates the
position of the reference spectrum. (b) Details of the transition from
CSL to F-FM. The dashed lines illustrate the stepwise behavior of
the resonance frequency. The average fitting error in measuring the
resonance peaks is 100 MHz in the F-FM and CSL, while near Hc
the error is 200 MHz.
By comparing the results of the CSL phase in (I) and (II),
it is clear that the collective resonance response is highly
dependent on the direction of the excitation field with regards
to the helical axis. When the microwave field is perpendicular
to the ab plane, the resonance is symmetric around H = 0.
In contrast, when the microwave field is parallel to the ab
plane, the resonance modes become asymmetric with regards
to H . We stress that in previous work, the MR data were
found to strongly correlate with the ground-state configura-
tion observed using Lorentz microscopy [12], matching the
behavior of (I). However, in (II) the excitation field is driving
the dynamics of the CSL in a way that does not evidently
correlate to its ground state. Moreover, we note that the
observation of a resonance in (II) contrasts with conventional
ferromagnetic thin films, where the linear dynamic response
along the magnetization is largely suppressed. Although the
mechanism is not clear, it hints for the need of using a model
considering the noncollinear spin arrangement upon excitation
of microwave fields within the ab plane.
We demonstrate that the robustness and coherence of the
CSL extends also to the gigahertz regime in the form of
collective resonance. With the choice of the polarization
of the excitation field, one is able to tune the symmetry
of the resonance response, making the CSL phase useful for
polarization selective devices. The degree of reconfigurability
achieved with the CSL may be functionalized towards control-
ling and manipulating spin-wave propagation, reflection, and
interference.
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